Introduction
Synchrotron Radiation is emitted when an electron undergoes radial acceleration. The earliest observation occurred probably in the year 1054 when Chinese astronomers recorded a superbright star, which is now known to be the crab nebula supernova remnant. Recent astronomical observations established the existence of synchrotron radiation originating from this source. Approximately 900 years later a more informed effort was made towards observation of this phenomenon. Following the prediction (1944) by Iwanenko and Pomeranchukl that synchrotron radiation would limit the maximum achievable electron energy in a betatron, Blewett2 provided for the first indirect observation of synchrotron radiation by correlating the observed shrinking of the electron orbit in General Electric's betatron with the predicted radiation loss. Actual first observation of the visible part of the synchrotron radiation spectrum was made a few years later, also at the GE laboratories. Following this, more extensive investigations of the properties of synchrotron radiation were carried out at the 300 MeV Cornell synchrotron3 and at the 660 MeV synchrotron of the Lebedev Institute in Moscow. 4 The first sustained research program in atomic spectroscopy using synchrotron radiation was carried out at the National Bureau of Standards5 where an ultraviolet beam exiting from the 180 MeV synchrotron was used.
Synchrotron Radiation research so far has been carried out mainly with photon sources obtained parasitically from electron synchrotrons or e-e+ colliding beam facilities originally built for "high energy" physics research. As will be discussed further below, these structures are not optimum for the production of the highest brightness photon sources. Following the early impressive research results obtained at facilities such as NBS (Washington), INS-ES (Tokyo), ADONE (Frascati), DESY (Hamburg), and TANTALUS (Wisconsin), the need for "dedicated to synchrotron radiation" research facilities was recognized.6'7 As a result, worldwide, up till the present, three facilities have been converted to dedicated usage and one new facility, specifically designed for synchrotron radiation utilization, i.e. the SOR electron storage ring in Tokyo, has been constructed. In Green. For an electron orbiting in a magnetic field and thus undergoing radial acceleration, in the rest frame of the electron, the radiation pattern has the well known dipole radiation distribution, i.e. Pvmsin2 0, as given in Figure 1 , for the case S << 1. For a relativistic electron this radiation pattern has to be transformed by Lorentz transformation into the laboratory system. The transformation is given by tan eQ = sin /y(6+cos r r which, for er=900 yields 0QlIy, i.e. the angular distribution in the laboratory system has a typical opening angle of 1/y. This is illustrated also in Figure 1 for the case (X12 i) . Because of the 6 function character of this orbiting source there is a strong accentuation of the higher harmonics of the frequency of rotation. For the case of more than one electron, associated with the betatron and synchrotron motion in the e-ring, a continuum spectrum is observed. The properties of this spectrum may be deduced from the general equation3'9 for the spectral and angular distribution, which expresses the instantaneous power radiated per unit wavelength and per radian of orbit for a monoenergetic electron. By integrating over all azimuthal angles T, where T is the angle between the direction of photon emission and the orbital plane, an expression for radiated power versus wavelength is obtained which may be cast in universally applicable form by characterizing the spectrum by a critical wavelength Xc =4TDP/3Y3 (or cc given by cc=3Mcy3/2p), as follows: PK(X)=5.95 10 16y4k G2/p Watts/kX,mA,mrad O,all T for which G2(Xc/X) is given in Figure 2 , 0 is the orbit arc angle and k=AX/X. As may be noted, this power spectrum peaks at about Xq0.7 Xc. Of great practical interest is the total magnitude of radiated power (at all wavelengths greater than A) versus wavelength. This is given in Figure 3 , indicating that essentially all (X95%) of the radiated power is contained in a wave-
For purposes of spectroscopy, the photon flux, rather than power flux, is of relevance. This is given in Figure 4 in the form of a universal spectral distribution function for synchrotron radiation, expressing Nk(X) = ky F1 Photons/ky,sec,mA,mrad 6,all ' Typically, for a 1 GeV, 0.5 Ampere storage ring, using a 1% AX/A wavelength bite, the photon flux per mrad of orbit arc is approximately 1014 photons/second. For completeness sake, a comparison of the inherent brightness (Ph/sec,eV,(mrad)2,cm2) of synchrotron radiation sources with the brightness of more conventional photon sources, heretofore available, is made. This is detailed in Table I Figure 7 . At Cornell University a new synchrotron radiation facility (CHESS) is under construction, which will operate parasitically from the 8 GeV eCe+ storage ring. With This, so far, may have ignored some of the characteristics of the photon line instrumentation, such as the use of slits to improve the resolving power (Q=X/AX) of monochromators, for example. To illustrate this, a schematic arrangement of photon beam line instrumentation is shown in Figure 8 .
energy a critical wavelength of 0.35 A is obtained making synchrotron radiation available of very short wavelengths, i.e. %0.06 R (X200 keV). Two beam lines will be constructed at CHESS. At NBS, following the recent conversion to higher source brightness and higher energy performance, some of the research activities are being expanded. At NSLS (National Synchrotron Light Source), Brookhaven National Laboratory, two dedicated high photon flux facilities are under construction, i.e. a 2.5 GeV, 0.5 A storage ring for the X-ray domain and a 700 MeV, 1 A storage ring for the VUV domain. In addition to the basic arc sources of the X-ray ring (Xc=3.0 R), superconducting wavelength shifters will be incorporated (Xc=0.6) for which five special insertions have been reserved in the eightfold structure, providing for very high brightness hoton sources into the wavelength region of about 0.12 X (Fs%\100 keV). For the VUV ring (Xc -31 R) the incorporation of undulators (see below) is planned. Commissioning of both storage rings is scheduled for 1981.
Overseas, completion of the Daresbury (SRS) 2 GeV, 1A storage ring (Xc= 3.9 R) is expected during 1980, its injector booster synchrotron (600 MeV) has already performed successfully. Active construction is underway of the Japanese "Photon Factory" at Tsukuba. This is a 2.5 GeV, 0.5 Astorage ring making use of a 2.5 GeV, 50 mA linear accelerator injector. (This high energy injector is also intended to be used for a future separate e+e-colliding beam ring.) In Berlin, the BESSY facility is being constructed, a 800 MeV storage ring, which will mainly be used for metrology, applied research and industrial development (microelectronics, etc.) and research in the material sciences. At DESY, the DORIS storage ring will be converted to dedicated usage following the addition of a small positron accumulator ring (PIA) to the injection chain for PETRA (e+e-). With new magnet chambers, 30% of the synchrotron radiation in one quadrant of DORIS will be made available. With this, simultaneous usage by 30 experimental stations will be possible. Finally, at VEPP3, in Novosibirsk, plans exist to expand further the dedicated usage for synchrotron radiation research (now up to 25%) and parasitic facilities are being developed around the VEPP4 e+e-storage ring.
Synchrotron Radiation Source Parameters and Brightness
Since these sources are designed for diversified research in spectroscopy the characteristics of the electron beam are important as they relate to the properties of the emitted radiation. As will be indicated below, in general small beam emittances will permit high photon source brightness values. This is desired for experiments requiring small angular spread on a small sample, such as for protein crystallography. 
Lattice Optimization
Electron energy and ring lattice parameters determine the horizontal emittance ex, i.e. the equilibrium emittance ex in an electron storage ring is the result of longitudinal and transverse oscillation amplitude damping associated with the mean energy loss due to the emission of synchrotron radiation, limited by the random excitation of the oscillation amplitudes due to the discrete quantum nature of the photon emission. The vertical emittance is determined in any practical magnet structure by an irreducible magnitude of longitudinal-vertical coupling which results in a typical magnitude of cy-l0-2 cx (i.e. it is difficult to reduce the coupling coefficient K below %O.1). The analysis of the relationship of beam emittance ex and lattice structure parameters may be found in Sands.13 A minimum summary of this, synchrotron radiation integrals and quantities of relevance are given in Table IV . The horizontal emittance, for a separated function isomagnetic structure is given by cxeCqy2(6Hds)2rAp.
For various synchrotron radiation structures, designed for different maximum energies (y), a figure of merit characterizing the lattice structure may therefore be defined, given by (dHds)/p2 where p is the bending radius of the magnets in the structure and H is the dispersion "invariant"*, as defined in Table IV . This quantity has been evaluated for a number of structures either in existence or under construction at the present time for dedicated synchrotron radiation sources. This is summarized in Table V . For lower energy storage rings, the lattice figure of merit tends to be larger because the objective of small ex (and Ey) must be balanced by the objective of highest Ccrit values for a particular structure without going to (costly) higher e-energies. While taking this aspect into account, it is evident, however, that a superior structure is obtained by using basic achromatic bend elements to construct a synchrotron radiation storage ring. This fact was recognized in the early designl6 of the storage rings for the National Synchrotron Light Source and incorporated in both the 2.5 GeV structure and the 700 MeV structure. It is relevant for a synchrotron radiation source that the high field wiggler be located in a straight section of zero dispersion in order to avoid antidamping and enlargement of the beam emittances. Here the difference between a specifically optimized synchrotron radiation structure and a e+e-storage ring structure, parasitically used for synchrotron radiation research, is relevant. In colliding beam facilities the objective is to enhance e+e-luminosity given by17 (at less than maximum energy): Le+e_X [Trf(Av2)kby /resoy ]Ex.
With the incorporation of a wiggler in the structure, in order to increase Ccrit, the desire is to locate it in a high momentum dispersion straight section in order to increase the horizontal emittance and thereby the e+ec luminosity. The opposite is valid for a dedicated facility where the wiggler would always be located in a zero (or near zero) dispersion straight section in order to reduce the emittance. An example has been calculated whereby the use of 5 high field wigglers in the NSLS 2.5 GeV structure has been assumed. This is given in Table VI A significant drawback of the helical wiggler is the enhanced horizontal-vertical coupling of the x-y motion, resulting in significantly increased vertical emittances, i.e. the turn on of the photon source for the user of the undulator line would seriously affect other experiments using the arc sources in the structure. An attractive feature of the flat pole wiggler is the possibility of orienting it vertically, providing for a rotated plane of polarization compared with the arc sources. This permits a more favorable arrangement of specific experimental equipment (diffractometer table horizontal). The synchrotron radiation spectra, as they apply to the NSLS parameters are given in Figure 9 . 
